A B S T R A C T Intact rat diaphragms were exposed in vitro to varying CO2 tensions and bicarbonate concentrations, and the steady-state citrate content of diaphragm muscle was measured to investigate the relationship between metabolism and extracellular pH, Pco2, and (HC03-). In addition, rat hemidiaphragms were incubated with 1,5-citrate-1'C under different acid-base conditions, and "CO2 production was determined as a measure of citrate oxidation.
INTRODUCTION
Recently, as newer methods of measuring intracellular pH have become available (1, 2) , investigators have been able to determine the effect of extracellular acidity on cell pH (3) (4) (5) . Three interesting facts have emerged from these studies. First, extracellular bicarbonate concentration was shown to affect cell pH (3) (4) (5) , a result at variance with earlier reports which appeared to show that the cell was indifferent to extracellular bicarbonate (6) (7) (8) (9) . Second, cell pH was found not to have a simple relationship to extracellular pH but appeared to be a complex function dependent on the particular combination of Pco2 and bicarbonate used to achieve a particular extracellular pH value (4) . Third, the cell was able to maintain its pH constant over a wide range of extracellular acidity (3). Adler, Roy, and Relman speculated that this remarkable ability of the cell to maintain its pH constant could be due either to changes in the flux rates of hydrogen, hydroxyl, or bicarbonate ions or to changes in the internal metabolism of acids or bases (3).
This study was undertaken to de~termine if the content of a key intermediary metabolite, citrate, varied in intact diaphragm when extracellular pH was systematically altered, and whether any changes found were due to extracellular pH alone or were dependent on the C02 tension or bicarbonate concentration of the extracellular fluid. Citrate was chosen since its metabolism has been shown to vary directly with pH in renal cortical slices (10) . In addition, the citrate content of rat gluteal muscle changes markedly when an extracellular acidosis is induced by acute intraperitoneal injections of rubidium chloride (11) . Changes in citrate content were also compared with the intracellular pH data reported earlier, using the same intact diaphragm preparation (3, 4) .
The data reported in this study show that extracellular bicarbonate does indeed influence the citrate content of diaphragm muscle and show further that bicarbonate, extracellular pH, Pco2, or intracellular pH does not alone determine muscle citrate content. The changes in citrate content may be due to an alteration in the oxidation of citrate to C02, a response to pH change which appears similar to the one operating in the renal cortex.
METHODS
Intact diaphragms from 75-90-g male Sprague-Dawley rats were incubated in a modified Krebs-Ringer bicarbonate solution at 370C as previously described (3) . Glucose, 100 mg/100 ml, was employed as the substrate, and 62.5 mg of chloromycetin was added to each liter of solution to prevent bacterial contamination. A control system was used consisting of two separate incubating boxes employed simultaneously, allowing one box to serve as a control while the medium in the other was altered to fit the experimental conditions (12) . Unless Fig. 1 which plots the ratio of citrate content in the experimental diaphragms to the content in simultaneously incubated controls against the duration of incubation. Each point is the mean of four determinations, except for the 6 hr respiratory experiment which represents the mean of only two experiments. The lower half of the figure re- [H+J EXT n MOLES / LITER FIGURE 2 The relationship between external acidity and citrate content. The points labeled metabolic are found in Table I and those labeled respiratory in  Table II . Citrate oxidation experiments. The increased content of citrate within the tissue during alkalosis could be due to a decrease in the conversion of citrate to C02, the response which seems to be operative in the renal cortex (10) . In order to determine the conversion of 1, 5-citrate-14C to 14CO2, hemidiaphragms were incubated in flasks containing 1, 5-citrate-"4C, and the "CO2 evolved was trapped and counted. This measurement will henceforth be referred to as citrate oxidation.
Initially, to make certain that the system was stable, flasks containing no tissue were incubated for 3 hr. The pH, total C02 content, and Pco2 remained constant, demonstrating that no significant loss of C02 from the flasks occurred. Since tissue produces both carbon dioxide and hydrogen ions the constancy of the pH in the incubating flasks over a 90 min period of incubation was measured. Table V shows the pH, bicarbonate concentration, and Pco2 before and after 90 min of incubation. Though some intragroup changes in these variables did occur, they were relatively small, and the differences between the six incubated groups remained quite large. This was true even if medium pH was altered by metabolic or respiratory means. The following Fig. 3 (14, 15) . The consequences to the body of this compensation are not completely understood. There is a large body of work which shows that even when extracellular pH is maintained, constant changes in bicarbonate concentration or Pco2 may affect cellular metabolism. Craig (16) found in 1944 that rat cortex or medulla incubated in vitro produces less lactate as the C02 tension of the medium is increased in an isobicarbonate system, but that in an iso-pH system raising the Pco2 increases lactate production. Katzman , Villee, and Beecher (17) incubated hemisected diaphragms as well as liver, kidney, and heart muscle slices, and they found differences in lactic acid production between isobicarbonate and iso-pH systems. They postulated an important regulatory role of Krebs cycle enzymes, since blockage of this cycle markedly altered their findings. Other investigators working on rat liver slices demonstrated that changes in Pco2 affect glycogen synthesis even when extracellular pH is held constant (18) . Further work with liver slices showed that it is the extracellular bicarbonate concentration, and not the pH, which is rate limiting in fatty acid synthesis, whereas extracellular pH changes account for variations in the conversion of acetate to C02 (19 7 .40, glucose production varies in a linear fashion with the bicarbonate concentration of the medium. In rat epididymal fat pads, on the other hand, glucose metabolism is regulated primarily by extracellular pH and not by the bicarbonate concentration or COa tension of the medium (21) .
The studies enumerated above confirm that it is impossible to predict from the extracellular pH, bicarbonate concentration, or Pco2 alone the cellular metabolic changes which may occur in tissue and substantiate the metabolic role of C02 in constituent enzyme systems (22) . Almost all the studies cited were performed on nonintact tissue, and it is possible that in the presence of intact cellular membranes the results obtained would be quite different, since cell membranes are more permeable to a nonionized species such as molecular C02 than to an ionized species like bicarbonate (23) . In agreement with this idea, numerous authors have shown that cellular acidity is not markedly altered by variations in external bicarbonate concentration (6) (7) (8) . In contradistinction to this Adler, Roy, and Relman (3) demonstrated that although intact diaphragms maintained intracellular pH constant when extracellular bicarbonate concentration was lowered from 25 to 10 mEq/liter, lowering bicarbonate concentration further or raising it above 30 mEq/liter caused marked changes in intracellular acidity. They concluded that the cell was not indifferent to external bicarbonate.
The data reported in this study seem to uphold this conclusion. Lowering extracellular pH by either raising Pco2 or decreasing bicarbonate concentration caused a progressive decrease in citrate content, while raising pH by either respiratory or metabolic means increased tissue citrate. The tissue system used in these experiments has previously been shown to have functionally intact membranes (24) and in spot studies on electrolytes in this study intracellular potassium concentration averaged 150 mEq/liter when the extracellular potassium concentration was 5 mEq/liter. Intracellular sodium concentration also remained low, proving physiologic membrane selectivity. Thus, in intact tissue the extracellular bicarbonate concentration not only affects intracellular pH, but as shown by the changes in citrate content it also affects cellular metabolism. Furthermore, in the isohydric state, at either normal or acid pH values, when the external bicarbonate concentration was low, tissue citrate content decreased. The decrease in citrate seems to be due to the bicarbonate ion since the lowering of Pco2 by itself, as the previous data showed, would have raised the citrate content. This further demonstrates that a charged species such as bicarbonate can indeed alter the metabolic state of the cell even though external pH remains unchanged. A similar conclusion regarding citrate control has been reached by Simpson (10) . He studied citrate utilization and oxidation both in rat renal cortical slices and in mitochondria and found that changing the bicarbonate concentration in an isohydric system has no effect on citrate oxidation by slices, while changing bicarbonate concentration at one extracellular pH in a mitochondrial system profoundly alters the citrate oxidation rate. He postulated that it was the intracellular bicarbonate concentration which controls citrate oxidation. However, when intracellular bicarbonate concentration in the diaphragm is calculated from the intracellular pH and Pco2 values, no correlation exists between it and the citrate content. Citrate metabolism may be controlled differently in kidney and diaphragm, and Simpson's theory regarding intracellular bicarbonate could still be correct for renal cortex. This seems unlikely for the following two reasons. First, in both tissues citrate content rises in alkalosis and decreases in acidosis in the acute experiments already cited as well as in rats made chronically acidotic or alkalotic (25) . Second, this study demonstrates that hemidiaphragms incubated in acidic media converted more radioactive citrate to C02 than did diaphragms incubated in alkaline media, a result identical with that found by Simpson in renal cortical slices. Even the percentage change in oxidation rate of the two tissues caused by variations in bicarbonate and Pco2 were almost identical. A possible explanation of the apparent discrepancy between intracellular pH or bicarbonate concentrations and the citrate content of the diaphragm may lie in the heterogeneous nature of the cell (3, 26, 27) . Changes in local pH in mitochondria or other organelles may occur in a direction opposite to those ocurring in the large mass of cell cytoplasm. The intracellular pH determined by the 5,5 dimethyl-2, 4-oxazolidinedione (DMO) method may therefore not give a true indication of what is happening .at the enzymatic site concerned with citrate oxidation.
Regardless of the exact mechanisms involved, the data presented seem to have physiologic significance since the bicarbonate, Pco2, and pH values employed in this study lie well within the limits found in animal and human subjects. In addition, these in vitro citrate alterations agree well with in vivo experiments that demonstrate significant changes in the citrate content of liver, kidney, intestine, and diaphragm of rats made acidotic or alkalotic (25) . Cellular pH appears to be regulated by metabolic means (28) , and differences in the accumulation or disposal of organic acids might contribute toward the defense of a cell faced with an external acid-base disorder (3) . If Phosphofructokinase is exquisitely sensitive to pH in vitro (29) and seems to be one of the major ratelimiting steps in glycolysis (30, 31) . Decreasing pH causes decreased activity of the enzyme, while alkalosis increases it. It has been shown that citrate can inhibit phosphofructokinase in rat heart muscle (32) . Citrate could thus act as a feedback mechanism for the control of glycolysis. This might function in cellular pH control in the following manner. In alkalosis, phosphofructokinase would be activated, but as time progressed intracellular pH would be adjusted towards normal by increased organic acid accumulation. The changes in intracellular pH, plus the increased citrate level in the tissue, would act to inhibit the enzyme and return glycolysis towards normal. Exactly how citrate content changes cannot be stated since in these, as well as in Simpson's experiments, turnover rate was not measured (10) .
Finally, there are definite clinical implications which can be drawn. This study has shown that at equal extracellular pH values, even when the pH is at physiologic levels, citrate content can vary markedly, depending on the particular combination of bicarbonate or Pco2 employed.. If these in vitro results can then be extrapolated to circumstances in vivo, a situation could be present in which altered cellular metabolism would coexist with extracellular acid-base compensation. How costly this metabolic derangement would be has not been studied, but these experiments call for a reexamination of the recommendation that in treating low bicarbonate states it is unnecessary to return the bicarbonate concentration to normal levels unless the patient has become symptomatic (33) .
